D ensity anomalies of water and ice and the associated angle−length−stiffness cooling relaxation dynamics of the hydrogen bond (O:H−O) continue to baffle the community, despite the intensive investigations carried out in the past decades. 1−15 Measurements 10, 16, 17 revealed that both the liquid and the solid H 2 O undergo the seemingly regular process of cooling densification at different rates. At the water− ice transition phase, volume expansion takes place, which results in ice with a density 9% lower than the maximal density of water at 277 K. 10 At temperatures below 73 K, the density of ice drops slightly. 18 Amazingly, the cooling densification of H 2 O in the liquid and the solid phase is associated with a redshift of the highfrequency H−O phonons (ω H ∼ 3000 cm −1 ), 19 while the freezing expansion is accompanied with a blueshift of the ω H . 20, 21 Using IR spectroscopy, Medcraft et al. 22 measured the size and temperature dependence of the low-frequency O:H (ω L ∼ 200 cm −1 ) phonons in the temperature range of 4−190 K and observed that heating softens the ω L at T > 80 K, but the ω L changes insignificantly at T < 80 K. Earlier Raman spectroscopy 23 of bulk ice revealed that the ω L drops monotonically within the temperature range of 25 and 272 K in addition to the resolvable fluctuations in frequency at temperatures close to 272 K. 24 However, cooperativity between the ω L and the ω H and the associated bond lengths remain to be understood.
The volume expansion in the freezing temperatures has been explained in terms of either the monophase of tetrahedrally coordinated structures with thermal fluctuation 3, 5 or the mixedphase of low-and high-density fragments with thermal modulation of the fragmental ratios. 25, 26 However, little attention has been paid to the mechanism for the seemingly regular process of cooling densification in both the liquid and the solid phase or to the mechanism for the slight drop in density at extremely low temperatures. Therefore, a consistent understanding of the mechanism behind the density and phonon-stiffness relaxation anomalies of water and ice in the full temperature range is greatly desirable.
This Letter reports the latest progress. Based on the framework of O:H−O bond specific-heat disparity, Raman spectroscopy measurements, and molecular dynamics (MD) calculations of the hydrogen bond angle−length−stiffness relaxation of water/ice over the full temperature range, we have been able to reconcile the measured mass-density 10 and Raman-frequency transitions of water/ice. The specific-heat disparity between the O:H and the H−O of the O:H−O bond and the Coulomb repulsion between the electron pairs of the adjacent oxygen atoms (O−O) are shown to be the key to resolving the density and phonon-stiffness puzzles.
We consider the basic structural unit of O A hydrogen bond is comprised of the O:H bond (dashed lines) and the H−O bond rather than either of them alone. 24, 28 The H−O bond is much shorter, stronger, and stiffer than the O:H bond (comparison shown in Table 1 ). The O:H bond breaks at the evaporating point (T v ) of water (373 K). 29 However, the H−O bond is much harder to break as the bond energy of ∼4.0 eV is twice that of the C−C bond in diamond (1.84 eV). 30 The Coulomb repulsion between the electron pairs of adjacent O−O is the key to the O:H−O bond relaxation under excitation. 24, 28 Combined with the forces of the Coulomb repulsion, f q , resistance to O dislocation, f rx (x = H for the H− O and L for the O:H bond), the force due to cooling contraction (related to the respective specific heat of the segment), f dx , drives these two segments to relax in the same direction but by different amounts.
Generally, the specific heat is regarded as a macroscopic quantity integrated over all bonds of the system, which is the amount of energy required to raise the temperature of the substance by 1 K. However, in dealing with the representative (or average) for all bonds of the entire specimen, one has to consider the specific heat per bond that is obtained by dividing the bulk specific heat by the total number of bonds involved. In the case of the O:H−O bond, we need to consider the specific heat η x characteristics of the two segments separately (see (Table 1) , the specific heat η L of the O:H rises faster toward saturation than the η H . Such a specific-heat decomposition results in three regions that correspond, respectively, to the phases of liquid (I), solid (III), and liquid−solid transition (II) with different specific-heat ratios. At extremely low temperatures (IV), η L ≈ η H ≈ 0. R is the gas constant. (The η L in the solid phase differs from the η L in the liquid, which does not influence the validity of the hypothesis). Figure 1c ) because of the difference in their strengths. The Debye temperature Θ Dx determines the slope of the specificheat curve while the cohesive energy of the bond E x determines the integral of the specific-heat curve from 0 K to the melting point T mx . 33 The specific-heat curve of the segment with a relatively lower Θ Dx value will rise to saturation faster than the other segment. The Θ Dx , which is lower than the T mx , is proportional to the characteristic frequency of the vibration (ω x ) of the segment. Thus, we have the following relations (see Table 1 ):
Such a specific-heat disparity between the O:H and the H−O segments creates four temperature regions with different η L /η H ratios, which should correspond to the phases of liquid (I), solid (III), and liquid−solid transition (II). In region IV, η L ≈ η H ≈ 0. The crossing points correspond to the density extremes. This specific-heat curve applies to the entire temperature range for the liquid and the solid phase, as Raman shift showed the monotonic change in the liquid phase. 17 The consistency in the number of temperature regions (i.e., phases I, II, III, IV) of the proposed specific-heat curve (Figure  1c) , the mass-density transition (see Supporting Information, SI), 10, 23 Raman phonon relaxation, 20−22,29 and the O:H−O bond angle−length−stiffness relaxation dynamics (Figure 2 and Figure 3 ) suggest that the segment with a relatively lower specific heat is thermally more active than the other segment. This thermally active segment serves as the "master" that undergoes cooling contraction (or thermal expansion) while forcing the other "slave" segment to elongate (or contract) through Coulomb repulsion. Therefore, as can be derived from Figure 1c , the specific-heat ratio, the master segment, and the O−O length change in each temperature region are correlated.
Pairing up the forces in each of the (a) and (b) cases,
one has, 
Because of the repulsion and the strength difference between the segments, 24 (iv) Meanwhile, the repulsion increases the O:H−O angle θ and polarizes the electron pairs during relaxation. At extremely low temperatures (IV), d x changes insignificantly, but the θ continues relaxation. A segment increases in stiffness as it becomes shorter, while the opposite occurs as it elongates. 24, 28, 34 The Raman shift, which is proportional to the square root of bond stiffness, directly approximates the length and strength change of the bond during relaxation. Comparing the energy of a vibration system to the Taylor series of the interatomic potential energy, u x (r), leads to the dimensionality of the vibration (phonon) frequencies:
The stiffness is the product of the Young's modulus (
) and the length of the segment in question. 24 The μ is the reduced mass of the vibrating dimer. Therefore, the Raman shift directly measures the segmental stiffness based on the dimensionality analysis.
In order to verify our hypotheses and predictions regarding the O:H−O bond angle−length−stiffness change, the specificheat disparity, and the density and phonon-frequency anomalies of water and ice, we conducted Raman measurements and MD calculations as a function of temperature. Raman measurements of 0.5 g deionized water poured on a silica stage were conducted using the Lab RAM HR800 Raman spectrometer (HORIBA Jobin Yvon Ltd.) with a 632.8-nm He−Ne laser as the light source. Semiconductor refrigerationcooling detection systems were used to collect the data at the programmable controlled temperatures at the ambient pressure. The frequency range was set to 50−1000 and 2600−4000
The Journal of Physical Chemistry Letters . The temperature was lowered from 298 to 98 K at a rate of 3 K/min rate, using a 10-K step size (some measurements were carried out at 5-K step size). Each spectrum is an accumulation of four scans, and each scan took 30 s. At each step, the measurement was conducted after the temperature had been stabilized for 5 min. Two MD computational methods were used in examining the mono-and the mixedphase models based on the relaxation of the Ih supercells containing 360 H 2 O molecules. More details of the calculation procedures are described in the Supporting Information.
The measured Raman spectra in Figure 2 show three regions: T > 273 K (I), 273 ≥ T ≥ 258 K (II), and T < 258 K (III), which are in accordance with the MD calculations (SI) and predictions:
(i) At T > 273 K (I), abrupt shifts of the ω L from 75 to 220 cm −1 and the ω H from 3200 to 3140 cm −1 indicate ice formation. The cooperative ω L blueshift and ω H redshift indicate that cooling shortens and stiffens the O:H bond but lengthens and softens the H−O bond in the liquid phase, which confirms the predicted master role of the O:H bond in liquid water. This conclusion applies to T < 363 K (see Figure S2 Raman spectra in SI).
(ii) At T < 258 K (III), the trend of phonon relaxation remains as it is in the region of T > 273 K despite a change in the relaxation rates. Cooling from 258 K stiffens the ω L from 215 to 230 cm −1 and softens the ω H from 3150 to 3100 cm . Other supplementary peaks at ∼300 and ∼3400 cm −1 change insignificantly. The cooling softening of the ω H mode agrees with that measured using IR spectroscopy 35 of ice clusters of 8− 150 nm sizes. When the temperature drops from 209 to 30 K, the ω H shift from 3253 to 3218 cm Figure 3a , the shortening of the master segments (denoted with arrows) is always coupled with a lengthening of the slaves during cooling. The temperature range of interest consists of three regions: in the liquid region I and the solid region III, the O:H bond contracts significantly more than the H−O bond elongates, resulting in a net loss of the O−O length. Thus, cooling-driven densification of H 2 O happens in both the liquid and the solid phase. This mechanism differs completely from the mechanism conventionally adopted for the standard cooling densification of other regular materials in which only one kind of chemical bond is involved. 36 By contrast, in the transition phase II, 10,12,13 the master and the slave swap roles. The O:H bond elongates more than the H−O bond shortens so that a net gain in the O−O length occurs.
The θ angle widening (Figure 3b ) contributes to the volume change. In the liquid phase I, the mean θ valued at 160°r emains almost constant. However, the snapshots of the MD trajectory in Figure 3c and the MD movie in the SI show that the V-shaped H−O−H molecules remain intact at 300 K over the entire duration recorded. This configuration is accompanied by high fluctuations in the θ and the d L in this regime, which indicates the dominance of tetrahedrally coordinated water molecules. 37 In region II, cooling widens the θ from 160°to 167°, which contributes a maximum of +1.75% to the O:H−O bond elongation and ∼5.25% to volume expansion. In phase III, the θ increases from 167°to 174°, and this trend results in a maximal value of −2.76% to the volume contraction. An extrapolation of the θ enlargement in Figure 3b results in the O−O distance lengthening, which explains the slight drop in density and the steady ω L (d L and E L ) observed at extremely low temperatures. 22, 23 The calculated temperature dependence of the O−O distance shown in Figure 3d matches satisfactorily with that of the measured density profile. 10, 16 Importantly, the O−O distance is longer in ice than it is in water, and therefore, ice floats. 3 -orbit hybridization of oxygen that tends to form tetrahedral bonds with its neighbors. 37 Therefore, the H 2 O in the bulk form of liquid could possess the tetrahedrally coordinated structures with thermal fluctuation. 5 Snapshots of the MD trajectory revealed little discrepancy between the mono-and the mixed-phase structural models (see SI).
The current understanding may extend to the following important findings. One is the negative thermal expansion (NTE) in other materials, and the other is the salt stiffening of the high-frequency Raman phonons of liquid water.
The NTE happens to graphite, 38 Figure S1 in the SI). The current understanding indicates that the NTE results from the involvement of at least two kinds of shortrange interactions and the associated specific-heat disparity between bonds of different interactions. For graphite instances, the (0001) intralayer covalent bond and the interlayer van der Vaals bond interactions may take the respective role. O, N, and F create lone pair of electrons upon reaction.
An addition of cations and anions can modulate the surface tension of water and the ability of water dissolving proteins, known as the Hofmeister mysteries. 43, 44 Adding salt (NaCl, 
